A pair of projectiles travelling on parallel trajectories produce differing patterns of retinal motion when they originate at different distances. For an observer to recognise that the two trajectories are parallel she must ''factor out'' the effect of distance on retinal motion. The observer faces a similar problem when physically parallel trajectories originate at different lateral positions; here direction must be ''factored out''. We report the results of a series of experiments designed to determine if observers can do this. The observers' task was to judge whether the direction of travel of an approaching sphere (test trajectory) was to the left or right of parallel to a previously shown trajectory (reference trajectory). In the first set of experiments the reference and test trajectories started from different lateral positions. In the final experiment they started from different distances. From the pattern of judgements we determined a set of perceptually parallel trajectories. Perceptually parallel trajectories deviated significantly from physically parallel. We conclude that under circumstances comparable to those encountered when catching a ball in flight, observers do not have access to accurate estimates of trajectory direction.
Introduction
Much empirical work, most notably by Regan and colleagues, has examined the sensitivity of the visual system to 3D object trajectories and found that, an object moving straight towards the nose can be distinguished from one moving to the left or right of the nose with a high degree of precision. For a full introduction and review see Regan and Gray (2000) .
Regan and colleagues derived the following equation for approach direction or, the 'direction of motion-in-depth':
where b is the direction of motion-in-depth (defined relative to median plane of the head, with b = 0 perpendicular to the interocular axis), _ a L and _ a R are the lateral angular speeds of the image of the object at the left and right eyes, respectively, D is the instantaneous distance of the object from the Cyclopean eye (point midway between the eyes) and I is the interpupillary separation (see Regan, 1993) .
Several alternative formulations have also been derived:
where _ a is the lateral angular speed of the object at the eye and _ / is the rate of change of binocular disparity (Cumming & Parker, 1994; Regan, 1993) and:
where _ h is the looming rate (rate of change of the retinal image) and R is the radius of the object (Bootsma, 1991;  0042-6989/$ -see front matter Ó 2006 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2006.11.019 see also Regan & Kaushal, 1994) . Another formulation (Welchman, Tuck, & Harris, 2004) based upon information about the relative size of the images of the objects in the two eyes is:
where the symbols are as previously defined and HSR is the ratio of the horizontal extent of the image at the left eye to the right eye (see Howard & Rogers, 1995) . Welchman et al. (2004) showed that the direction of motion-in-depth can in principle be obtained from monocular cues alone:
where h 0 is the initial angular size of the object and h is its current angular size. Previous work (see Regan & Gray, 2000 for a review) has described the sensitivity of observers to variations in the ratio of speeds _ a R = _ a L , _ a= _ / and _ a= _ h in Eqs.
(1)-(3). However, the role of D 1 has been little explored (though see Harris & Dean, 2003) .
Eqs. (1)- (4) include an estimate of object distance, D, however the inclusion of the term D comes from a consideration of geometry, not empirical testing (though see Harris & Dean, 2003 1 ). If the observer does not have access to D for the purpose of judging trajectory, she will not be able to accurately compare the trajectories of objects at different instantaneous distances: physically parallel trajectories of objects at different distances would not appear perceptually parallel. Eq. (5) does not include a term for D and therefore if Eq. (5) describes how humans compute trajectory then the accuracy of trajectory judgements will not be influenced by the accuracy or availability of an estimate of D.
All the above equations describe b, the angle between the object's direction of travel and a radial line between the Cyclopean eye and the object (Regan & Gray, 2000) : b is a function of the physical trajectory and the current position of the object along that trajectory (see Fig. 1 ).
Therefore, as an object moves, b changes while the physical trajectory angle remains constant. It follows that if an observer to wishes to judge whether the trajectory angle is changing, or compare the trajectories of objects that are not at the same instantaneous direction relative to the head, he or she will need to take into account the object's horizontal direction (azimuth), a. The head-centric trajectory, k, of the approaching object is:
The question we explore in this paper is: do observers take into account the instantaneous distance, D (included in Eqs. (1)- (4)) and direction, a (not included in Eqs. (1)- (5)) of a projectile when judging its trajectory? Others have documented biases in perception of trajectory (e.g. Harris & Dean, 2003; Harris & Drga, 2005; Lages, 2006; Peper, Bootsma, Mestre, & Bakker, 1994; Welchman et al., 2004 ), however we are not aware of any attempts to systematically investigate the use of direction and distance information in estimation of trajectory.
To explore this matter we examined performance in a trajectory judgement task. In the experiments we report, observers viewed two sequentially presented trajectories (that either started from the same or different positions) and then judged whether the second trajectory diverged to the left or right of parallel to the first trajectory (see Fig. 2 ). From these judgements we were able to determine perceptually parallel trajectories. Fig. 2 . Plan view of observer (nose and two eyes) and trajectories of approaching projectiles. Appropriate responses are indicated. In the first interval the ball travelled from head-centric straight-ahead down the midline. The observer's task was to judge whether the ball in the second interval was travelling to the left or right of a trajectory parallel to the first interval trajectory (indicated by dotted lines).
1 Nor for that matter has use of I in the binocular Eqs. (1) and (2). Previous work has identified biases in perception of absolute trajectory direction and attempted to attribute these biases to a misperception of D.
Mathematically an over-estimation of I would produce the same biased perception of trajectory as an under-estimation of D. Let us start by describing the pattern of perceptually parallel judgements we expect as a consequence of using, or not using, the direction a of a target moving in depth. Consider a reference trajectory that starts directly in front of the head and moves toward the nose. Assuming that observers are sensitive to the variations in one of the speed ratios ( were not used at all. In this case, no allowance is made for the different starting directions, so all trajectories are processed as if they originate on the midline. Consequently, test trajectories appear parallel to the reference trajectory when retinal speeds are equal and opposite in the two eyes, which corresponds to a radial pattern of physical trajectories (up to a small distance from the head). (iii) somewhat converging trajectories (bottom panel of Fig. 3 ): this illustrates the general pattern of responses we would expect if a were used, but underestimated (for example, because of a low gain on extra-retinal eye orientation).
Experiment 1: Judgement of apparently parallel trajectories with different starting directions
In the first experiment, observers compared trajectories with different lateral starting points (straight-ahead and two positions to the left and right). From the data collected, ''apparently'' or ''perceptually'' parallel trajectories were then estimated.
Trajectories were presented in two intervals. In the first interval, a projectile travelled from head-centric straightahead directly down the mid-line towards the observer. In the second interval, a projectile started from one of five different lateral positions. The observer judged whether the second trajectory was travelling to the left or the right of a trajectory parallel to the first interval trajectory (see Fig. 2 ).
We were not interested in trying to constrain the natural responses of the visual system and so did not require fixation on a fixation cross. 3 We did restrict the head because the trajectories were computer-generated and geometrically correct from only a single viewing position. As we did not want to suppress natural head-movements, we chose trajectories that were unlikely to elicit them. All trajectories originated relatively close to head-centric straight-ahead and therefore target fixation would be expected to be naturally maintained through use of eye movements (see Guitton & Volle, 1987) . It follows that in these experiments we presented the visual system with a somewhat simpler problem than it might encounter in a natural setting in which eye movements are often accompanied by head movements. Fig. 5 for explanation of why the point of convergence may not be the Cyclopean eye). Bottom panel, D and a are used, but constancy is incomplete, as might be expected from previous estimates of eye-orientation signal gain that are less than unity (e.g., Bridgeman and Stark, 1991) . Perceptually parallel trajectories are convergent in physical space. 2 The reference trajectory may appear redundant, we could have instead asked observers to make the trajectory judgement in a Cartesian coordinate frame with one axis aligned with the fronto-parallel plane. However, such a judgement might be influenced by a drift in the eyeorientation signal. Additionally, the later experiments require a relative trajectory judgement and we wished to standardise the observers' task.
3 Whether an observer visually tracks a projectile or instead attempts to lock their eyes to an arbitrary position, the information available to the visual system is unchanged. What does change is what information is carried by retinal signals, and what is carried by extra-retinal signals. We note that due to different biases and sensitivities to the two sorts of information, eye movements (or lack of) may have a perceptual consequence. However, we assume the visual system knows best how to recover information and thus we do not artificially constrain it. Also, most critically we are interested in the sensitivity of the visual system under ''natural'' circumstances, not obscure, but maybe theoretically cleaner, constrained conditions.
To make veridical judgements of trajectory in this task it was not necessary to factor in head position (it was constant). We felt that establishing whether the visual system can make head-centric judgements is a logically prior problem to establishing whether head orientation can also be taken into account.
Methods

Observers
Three observers participated; all had normal or corrected-to-normal vision. All were experienced psychophysical observers with good stereo-vision. One of the observers, author PD was familiar with the aim of the study; the other two observers were not.
Displays
Observers wore CrystalEyes stereo shutter glasses (Stereographics, USA) and rested their chins on a chin-rest to place the eyes in-line with the centre of the screen. We report data from experiments run in a dark laboratory. 4 The motivation for this was straight-forward: in a lit lab the position of an approaching object could be located in an exocentric frame (relative to the environment). Specifically the direction and distance of the ball relative to the edge of the display monitor would be apparent. Such accurate and precise positional information would not generally be available under natural circumstances and therefore we did not wish it to influence judgements here. In these experiments the direction of the ball was only available to the observer from a combination of extra-retinal information about eye-orientation and retinal location; there was no pictorial information about head-centric direction and the small displays likely limited information about distance and direction from retinal disparities (see Rogers & Bradshaw, 1995; Howard & Rogers, 1995) .
Observers were instructed to pause the experiment and switch on room lighting for a few moments if objects other than the stimuli became visible due to dark adaptation. The stimuli were displayed on a 22 in. Viewsonic p225f Flat Screen CRT display set 1.5 m from the observer. Images were generated with stereoscopic disparity at 100 Hz (50 Hz per eye, temporally interleaved). The ball was rendered using OpenGL. The display was linearised for luminance and images were anti-aliased. Balls were wireframe (OpenGL, 'silhouette') spheres (made of 15 by 15 segments) rendered in red. The wireframe strengthened the percept of 3D ball shape. The anti-aliasing and high frame rate made the ball trajectory appear very smooth. The ball was rendered in red because red phosphor has the fastest decay and so minimises cross-talk. The contrast was maximised and the ability to perceive the flat screen surface was minimised by placing a red filter before the monitor.
By setting the contrast to maximum and reducing the brightness to close to its minimum, a clear display was created. The ball appeared very vivid against a black background (which was not visible in the blacked out room). The above combination of factors (and the choice of a projectile that naturally moved in disparity-defined depth and loomed) made for a convincing 3D display.
Simulated projectile trajectories
The ball (radius of 2 cm ± 20%) started at a simulated distance (disparity defined) of 1.7 m (0.2 m behind the screen). The ball initially hovered at the starting position (0.5 s) so that the observer had sufficient opportunity to fixate it and produce a fused image. Ball speed was 0.56 m/ s ± 20%. Ball travel duration was 0.7 s ± 20%. Therefore, average ball travel distance was 0.49 m and average stop distance was 1.21 m from the observer. The reference trajectory started straight-ahead and travelled directly towards the observer. The test (comparison) trajectories had lateral starting positions of 10 and 5 cm to the left, straight-ahead, and 5 and 10 cm to the right.
The range of disparities and other parameters were carefully chosen to utilise the maximum distance range and movement period whilst allowing easy fusion and hence no distracting diplopia. Vertical reference lines (4 mm · 60 mm) above and below the ball, at the distance of the screen (1.5 m), provided references for relative disparity. The reference lines were not placed in the centre of the screen because this would have provided a very explicit retinal indicator of the angular direction from which the ball started. As we did not wish to provide such a cue we placed the reference lines at the same (initial) lateral x-distance as the ball. It follows that during the trajectory, if fixation was maintained on the ball, the retinal disparity of the reference lines would change from crossed to uncrossed.
In line with common practice, ball speed, travel duration and ball size parameters were randomised (±20%) to discourage observers from using a lateral displacement or lateral speed cue instead of judging direction of motionin-depth.
Procedure
Trajectories originating from the five lateral start positions were interleaved. A simple up/down staircase algorithm was used to converge the test trajectories on the point at which they were perceptually parallel with the reference trajectory and then sample around that point. For each of the five trajectories, the estimate of perceptually parallel was based upon probit analysis of 120 responses.
Data analysis
We quantified the magnitude of the experimental effect by calculating what we term the dependent variable/independent variable (DV/IV) ratio; this simply quantifies the relationship between the change in the stimulus parameters and the change in the observer's responses. So that we can apply the same analysis in all the experiments reported here, we use the following method for calculating the DV/IV ratio: Any approaching trajectory will ultimately intersect the fronto-parallel plane containing the eyes at a distance X from the Cyclopean eye; for a reference trajectory, we label its intersection distance X R . For each reference trajectory, there is a physically parallel test trajectory originating at the given test trajectory start point; we label its intersection distance X T parallel. There will also be a test trajectory that originates at the same start point that is perceptually parallel to the reference; we label this X T observed. The DV/IV ratio is the ratio of the gap between the intersection point of the perceptually parallel trajectory and the reference trajectory, to the gap between the intersection point of physically parallel trajectory and the reference trajectory.
It can be seen that the magnitude of the DV/IV ratio, e, makes intuitive sense, as follows. In the current experiment, if changes in lateral start position are not taken into account, the test trajectories converge on the Cyclopean eye, and e will be zero; if changes in lateral start position are fully taken into account, all the trajectories will be physically parallel, and e will be one. We calculate the mean e for each observer (collapsing over starting direction), mean e for each trajectory (collapsing over observer) and overall mean. Throughout the course of this paper we report and discuss the results of this analysis. Later on, we discuss a complication associated with this measure, and an alternative way of analysing the results, in the discussion and appendix.
Results and discussion of experiment 1
The trajectories shown in the left panel of Fig. 4 are the physical trajectories that were judged perceptually parallel to the reference trajectory. These trajectories are based on the mean results from the three observers. Note, for clarity of presentation, the perceptually parallel trajectory settings are plotted as straight lines that contain the physical starting point (1.7 m from the observer) and disappearing points (approximately 1.2 m from the observer), extrapolated to the fronto-parallel plane containing the eyes.
The calculated DV/IV ratios, by observer and by trajectory, are shown graphically in the right panel. The just noticeable difference (75% threshold) for the discrimination of trajectory direction (expressed as an extent on the interocular base-line) was similar for all observers; the values for CW, KM and PD were 0.90, 0.75 and 1.00 cm, giving a group mean of 0.88 cm.
Two features of the graph stand out: the average judgement was far from veridical, and even the best observer (PD) was very inaccurate. For all observers, apparently parallel trajectories converged towards the Cyclopean eye, indicating that trajectory angles were overestimated. A mis-estimation of trajectory is consonant with those reported in other studies examining trajectory perception (Gray, Regan, Castaneda, & Sieffert, 2006; Harris & Dean, 2003; Harris & Drga, 2005; Lages, 2006; Peper et al., 1994; Welchman et al., 2004) . Inaccurate performance in the present experiment is indicated by the DV/IV ratios, e, which were estimated as 0.06, 0.21 and 0.51 (CW, KM and PD, respectively; group mean 0.26). Although we anticipated that the DV/IV ratios might not be exactly unity, these values are very low. Values for all three of the observers in the present experiment were low, and one observer showed an estimated value of approximately zero. This finding is hard to reconcile with an assumption that observers use information about direction in judgements of trajectory.
Let us first tackle two obvious concerns: observers may have been unable to make veridical judgements because the display provided only impoverished cues, and there was a conflict between the (fixed) focus defined distance and disparity defined distance due to the use of a CRT display. With regard to the richness of our display, as we have already noted we attempted to make the display as rich as possible. The display conditions (true black background and vivid red wireframe ball) and along with the display content (clear reference markers, and a faceted sphere that loomed as it approached) made for a display that is arguably richer than almost any display used in previous experiments on judgement of trajectory (though see Welchman et al., 2004) . Now let us consider the conflict between the (fixed) focus defined depth and disparity defined depth. Watt, Akeley, Ernst, and Banks (2005) found that focal distance can contribute to the perception of distance. However, Watt et al. studied the contribution of focal cues when an object is located in near space (28.5-85.5 cm), whereas our monitor was positioned 1.5 m from the observer and the ball travelled from a disparity defined distance of 20 cm behind the monitor to approximately 30 cm in front of the monitor. Thus the discrepancy between the focal distance of the monitor and the focal distance that would have been appropriate for the ball at the beginning and end of the trajectory was only 0.08 and 0.16 dioptres, respectively. It seems unlikely that such a small discrepancy will have any significant effect on perceived distance.
Might the pattern of results have been due to a particularly idiosyncratic set of observers? We explored this issue by running two additional observers. One observer was chosen because of her reputation for being particularly good at psychophysical tasks involving stereo. The second was chosen because he was a particularly skilled at sports and so regularly demonstrated his ability at judging the trajectory of flying objects. We found that the ''stereo'' observer produced an almost perfectly radial pattern of perceptually parallel trajectories; the ''sports'' observer did prove to produce more veridical judgements than any of the other observers but his results were still far from veridical.
As we appeared unable to readily account for the results, we were led to consider another possibility: observers do not use direction information at all in the perception of trajectory (or do not ''factor out'' the effect of direction). If we entertain this possibility then it raises a different question: why was the DV/IV ratio greater than zero?
If direction information is not used then perceptually parallel trajectories in this experiment should be those in which _ a ¼ 0. To a first approximation, _ a ¼ 0 trajectories should converge at the Cyclopean eye, however, when we look further it becomes apparent that we may expect a significant deviation from convergence at the Cyclopean eye. Let us consider how _ a might be estimated. If _ a is the linear addition of the two monocular signals _ a L and
do not converge exactly at the Cyclopean eye (see left panel of Fig. 5 ) and therefore if observers perceived _ a R ¼ À_ a L trajectories as perceptually parallel to the reference trajectory, the estimated ratio, e, would be greater than zero (the exact value would depend on the inter-ocular separation and the distance of the projectile when the observer made their estimate).
Another factor may be eye-dominance (e.g. Banks, Ghose, & Hillis, 2004; Khan & Crawford, 2001) . It has been reported that when an object is to the left of head-centric straight-ahead, its direction, a, is judged relative to the Fig. 5 . Factors that may lead to a pattern of trajectories that do not converge on the Cyclopean eye if observers do not take into account direction (azimuth), a, when judging trajectory. Left panel: iso-version trajectories. Trajectories in which the change in direction at the left eye is equal (but of opposite sign) to the change of direction at the right eye (Da R = ÀDa L or _ a R ¼ À_ a L ). Right panel: illustration of influence of eye-dominance. Khan and Crawford (2001) suggested that eye dominance changes as a function of head-centric direction. The panel figure shows the consequence if an object's azimuth (and its rate of change) is judged with an increasingly greater weight given to the left eye's estimate when the object is located at increasingly greater leftward eccentricity and vice-versa. left eye, and when it is to the right its direction is judged relative to the right eye. If a switch in eye dominance occurs during judgement of rate of change of direction, _ a, then this would make the trajectories less convergent (see right panel of Fig. 5) .
The last potential factor we consider here is positional information. The ball hovered at the start position before moving, and then disappeared after moving a short distance. This made two positions (start and disappearance) along the trajectory particularly salient. Under normal circumstances there would be little opportunity for a slant system to extract any information from a moving projectile, however, because two positions were particularly salient in our experiment, that might not be the case here.
Ideally we would address this concern by removing the positional information in the display. Unfortunately, it is not obvious how this could be achieved: the sphere is initially stationary so that the observer has an opportunity to fuse the object (most people find vergence and fusion somewhat slower when viewing computer displays). Therefore, we decided to try the opposite manipulation: to remove motion and leave just the positional information. The rationale for this was that if observers could not do the task without motion then this would allow us to discount the use of positional information. If they could do the task with just positional information then we would have a baseline against which to compare the results from the first experiment.
Experiment 2: Positional strategies
The second experiment was the same as the first in all regards except only the start and end positions were shown. The ball was visible at the start position for approximately 300 ms. The ball then disappeared (for on average 100 ms) and then became visible at the end position for approximately 300 ms. This manipulation removed continuous motion information. Because the ball was not in motion and was present at the start and end positions for longer this made these points even more salient than in the first experiment.
Results and discussion of experiment 2
The apparently parallel trajectories are shown in the left panel of Fig. 6 . The pattern of trajectories is radial, indicating that observers were unable to make veridical judgements of trajectory from positional information alone. However, all observers made more accurate judgements than in experiment 1. The individual DV/IV ratios for CW, KM and PD were 0.35, 0.45 and 0.80 (group mean ratio of 0.53). We note that for all observers, judgements were less precise than in experiment 1: JNDs for CW, KM and PD were 1.17, 0.87 and 2.03 cm (group mean of 1.36 cm).
It is clear that observers can do the task with positional information alone. Indeed, in this second experiment, with the more salient positional information, the observers' judgement of parallel is more veridical (t(2) = 16.3; t < 0.005; one-tailed). Although we do not include the data here, we also found a (statistically significant) difference between the DV/IV ratios in experiment 3 below and a positional version (performance was more accurate in the positional version).
In the discussion of the results of the first experiment, a question was posed: If observers are not using direction information, why is the pattern of settings not exactly radial (with an origin at the Cyclopean eye)? This experiment cannot directly answer the question of whether observers were exploiting task-specific positional information in the first experiment to improve the accuracy of their judgements; nevertheless it does indicate that when positional information is available observers are able to make use of it, and that when the saliency of positional information is increased, the veridicality of judgements is increased.
Before turning to a consideration of the use of distance information, we explore one further potential factor that might have contributed to the non-zero gain in the first experiment. Given the simplicity of our task it is possible that observers were able to make inferences about the head-centric trajectory of the projectile: e.g. ''the trajectory looked parallel to the first one, but it was heading directly towards my nose and it started to the left of my head therefore it must actually have been heading rightwards'' (during piloting of the first experiment one observer confessed to using such a strategy-this observer was consequently excluded from participating in the experiments we report here). In the following experiment observers perform the same judgement task as in the previous one but this time they must judge trajectory direction relative to different reference trajectories. The rationale here was that it would be more difficult to infer the relative trajectory (comparison of two trajectories), than the absolute trajectory.
Experiment 3: Relative trajectory judgements
In the third experiment, four reference trajectories were used: the first started at 6 cm to the right of straight-ahead and the second started at 3 cm to the right of straight-ahead. Both finished at 3 cm to the left of straight-ahead (refer to Fig. 7 ). These two trajectories were not physically parallel but did share a common crossing distance (and hence speed ratios _ a R = _ a L , _ a= _ / and _ a= _ hÞ. The third and fourth reference trajectories were simply the mirror image versions of the first two, and for presentation of the data we collapsed across the corresponding conditions.
In the first experiment, the observer could ignore the first reference trajectory (it never varied and ran straight down the midline of the head) and concentrate on judging the second test trajectory. In this experiment, with four different reference trajectories, none of which ran down the midline, the observer was forced to remember the first trajectory and then compare it against the second trajectory.
There were a few minor differences to the previous experiment: The mean duration was increased to 800 ms, thus the mean disappearance point was approximately 25 cm in front of the screen. The reference bars were positioned slightly differently so that they were in the same radial direction (rather than the same lateral, x position) as the ball at the start of the trajectory. Probit analysis was based on 80 data points per trajectory. 
Results and discussion of experiment 3
Perceptually parallel trajectories are shown in Fig. 7 . Individual JNDs were, for CW, KM and PD, 1.67, 2.85 and 1.88 cm (mean 2.13) in the 3 cm conditions and 1.49, 3.58 and 2.20 cm (mean 2.42) in the 6 cm conditions. All of these thresholds are higher than those from experiment 1.
Individual DV/IV ratios for observers CW, KM and PD were 0.19, À0.07 and 0.38 (mean 0.16) in the 3 cm condition and 0.21, À0.10 and 0.40 (mean 0.17) in the 6 cm condition. The mean values are lower than we found in experiment 1 (0.26) though the difference is not statistically significant. For observers KM and PD, these values were even lower than those found in experiment 1. For KM, the DV/IV ratio was effectively zero. These results provide firmer evidence than those of experiment 1 that a scaling error in perception of direction is unlikely to account for the observers' patterns of response.
It is interesting to look carefully at the trajectories in Fig. 7 . It can be seen that the pattern of apparently parallel trajectories in the top and bottom graphs are almost identical. This should not be so because the reference trajectory differs between the two conditions. However, this is the result we would expect if a was not used and the observer based his or her judgements solely on one of the speed ratios
Interim review of direction findings
In the first experiment we assessed whether observers could make accurate, or veridical, judgements of relative trajectory. We found the results difficult to reconcile with the use of information about object direction; the results appear easier to account for if we assume that observers did not use direction information at all. In the second and third experiments we explored the use of positional information and strategies in our first experiment: when we increased the amount of positional information available (experiment 2) the mean DV/IV ratio increased; when we used a task in which it was more difficult to infer the trajectory (experiment 3) the DV/IV ratio decreased.
When the results from the three experiments are considered as a whole (see Table 1 ) they appear to constitute strong evidence against the use of information about object direction in the perception of trajectory. If we consider the alternative interpretation that observers do not use direction information, then this seems somewhat easier to reconcile with the results.
We noted in the introduction that to perceive head-centric trajectory it is necessary to take into account the object's direction and distance. Therefore, we now examine the use of distance information.
Experiment 4: Distance manipulations
In this experiment we presented one trajectory with a ''near'' starting point and one trajectory with a ''far'' starting pointing. Observers made the same left or right of parallel judgement as in the previous experiments. This time the predictions were as follows: if observers take distance information into account when judging trajectory (as per Eqs. (1)- (4)), then the perceptually parallel trajectories should be parallel in real space; if distance information is not used at all, but observers can discriminate different retinal speed ratios (
, perceptually parallel trajectories will share the same crossing distance (lateral distance measured in the fronto-parallel plane containing the both eyes) with the reference trajectory.
Observers, displays and trajectories
The same observers and display conditions were used as in the previous experiments. The experiment was run in the dark. Unless noted, all details were the same as the previous experiment. The reference lines were at the same distance (the plane of the screen) in both the near and far trajectory intervals. Target distance would be derivable from the combination of both extra-retinal (vergence) and retinal (relative disparity) information.
Far trajectories were compared to close reference trajectories and vice-versa. Four reference trajectories were used at each distance. The far trajectories started at 1.909 m, the near trajectories started at 1.235 m. The lateral distance at which the trajectories would cross the fronto-parallel plane containing the eyes was ±1 cm, 2 cm, 4 cm or 8 cm. Mirror left and right trajectories were collapsed for the purpose of analysis. For each observer, estimates of 'perceptually parallel' were based upon 80 data points per trajectory.
Results and discussion of experiment 4
Perceptually parallel trajectories are shown in the left panel of Fig. 8 . The perceptually parallel trajectories differ markedly from physically parallel. Individual JNDs (as before, expressed as a distance measured at interocular baseline in cms) for CW, KM and PD for the near refer- ence conditions were 1.36, 2.32 and 1.53 (mean 1.74) and for the far reference conditions 1.31, 4.33 and 1.98 (mean 2.54). The DV/IV ratios for observers CW, KM and PD were 0.36, 0.11 and 0.12 (mean 0.20) for the near reference condition and 0.09, À2.02 and À0.17 (mean À0.7) for the far reference condition. Thresholds were similar to those in experiment 3. The measured DV/IV ratios are very difficult to reconcile with the use of distance information in the perception of trajectory. The perceptually parallel trajectories have similar crossing distances to the reference trajectories. This pattern of trajectories would result if observers did not ''factor out'' the effect of distance and instead based their judgements solely on one of the speed ratios,
Note that the deviation from a pattern of common crossing distances in the upper left panel of Fig. 8 is almost entirely due to the responses of a single observer KM.
The responses for observer KM differed from the speed ratio matching prediction. KM's judgements are influenced by distance (e 5 0) but he is not using distance information to accurately estimate trajectory (e % À2). KM's results are very peculiar and so were extensively checked. When KM was found to show the same pattern of results on repeated testing, we presented estimated perceptually parallel trajectories to KM and confirmed that our estimates of perceptually parallel were correct. We remain unable to account for KM's pattern of results, however we can plainly conclude that KM does not perceive trajectory veridically, and we note, nor precisely, since his JNDs were on average 2.5 times greater than those of the other two observers.
Pattern of individual results over the four experiments
So far we have limited the discussion to group means. It is possible that group averages hide an observer that can make accurate trajectory comparisons. The DV/IV ratios for each observer for each experiment are given in Table 1 .
Observer CW has consistently low values of e in all experiments. Observer KW also has consistently low e values in all experiments apart from in experiment 4, in the far reference condition. In the direction experiments with a moving object (1 and 3) observer PD has the highest e values amongst observers. However, PD has a very low e in the distance experiments. Therefore, in summary none of the observers has a pattern of results that is consistent with the veridical perception of trajectory. 
The non-independence of the perceptual effects of mis-estimation of direction and distance
In our experiments we manipulate a single experimental variable (lateral starting point in experiments 1-3, and starting distance in experiment 4). Our measure quantifies how the observers' responses vary in relationship to the change in stimulus parameters. However, it does not follow that our measure e will solely reflect perceptual errors in the variable we manipulate. This is because errors in perceived trajectory angle could arise from errors in the perception of projectile direction, projectile distance, or both. For example, in the first experiment, a converging pattern of perceptually parallel test trajectories would be produced if direction, a, is underestimated. A similar pattern would result if distance, D, was underestimated. Therefore, the perceptual consequences of a mis-estimation of a and D are not independent. Had the estimated values of e not been so consistently low across all experiments it would have been necessary to attempt to disentangle the two. Due to the pattern of results we obtained such an exercise was not necessary. However, we did perform a second analysis that bypasses this issue and we report the results for completeness.
Alternative analysis: Estimation of eye-orientation gains
As noted, the perceptual consequences of a mis-estimation of a and D are not independent. However, nor is the computation of the two parameters: a and D are both primarily obtained from the same sources of information, i.e. the direction of the ball at the left and right eye. When a ball is in flight there is little other information.
where a is the Cyclopean direction, a L and a R are the directions at the left and right eyes respectively and / is the absolute optic array disparity. We estimated the gain on a L and a R that produces error in a and D which best fits the pattern of responses. Because ocular tracking of the target is likely to be reasonably accurate, to a first approximation, our second measure is an estimate of the gain, g, of the registered eye-orientation. We will therefore use the shorthand of referring to g as the eye-orientation gain. Further explanation and tabulated results are provided in the Appendix.
Interpretation of the estimated gain, g, is very similar to interpretation of DV/IV ratio, e. If the estimated gain, g, is unity then this is consistent with the use of accurate estimates of eye-orientation. If the estimated gain, g, is zero this means that the perceived trajectory is independent of the orientation of the eyes, or in other words, eye-orientation information is not used at all in estimation of trajectory direction. If the value is intermediate between zero and one then we can infer that biased estimates are used. For reference we can look to the results of similar analyses in the work on stereo shape judgement tasks in which eye orientation signals provided the major cue to distance. Although the estimates vary somewhat (for example see Johnston, 1991 for a particularly low estimate) typical values of this form of constancy are around 0.75 (Bradshaw, Parton, & Glennerster, 2000; Glennerster, Rogers, & Bradshaw, 1996) .
Estimates of g for experiments 1-4 are as follows. In experiment 1, for observers CW, KM and PD, the gains were 0.06, 0.19 and 0.51 (mean 0.25) respectively. In experiment 2 they were 0.42, 0.52 and 0.77, respectively (mean 0.57). In experiment 3 they were 0.19, À0.07 and 0.38 (mean 0.17) in the 3 cm condition and 0.2, 0.08 and 0.43 (mean 0.24) in the 6 cm condition. In experiment 4 they were 0.47, À1.39 and 0.26 (mean À0.22) for the near reference condition and 0.11, À0.87 and À0.07 (mean À0.28).
Similarly to the estimates of e, the values of g are low and variable.
The first analysis suggests that a and D are not used in the perception of trajectory. The results of the second analysis suggests that the cues which are necessary to estimate a and D are not used in trajectory judgements. Therefore, the results of the second analysis simply reinforce the conclusions based upon the first analysis.
General discussion
We conclude that observers do not ''factor out'' the horizontal direction (azimuth) and distance of an object when estimating the trajectory angle. Therefore, there is no basis for the inclusion of the distance term in Eqs. The results of the four experiments are most parsimoniously explained by assuming that perceived trajectory, b 0 , is based on one of the following ratios:
Although it may not be immediately obvious, these ratios provide useful information about ball trajectory. As noted by others, the ratios are proportional to the distance at which the projectile will cross the fronto-parallel plane that contains the eyes (Bootsma, 1991) . Second, if the observer wished to track the moving object with eyemovements, _ a= _ / indicates the ratio of rate of change of vergence to rate of change of version that is necessary to maintain fixation (see Rushton, 2004) . We note however, that contrary to what may be assumed, it would not be possible to base interception on an estimate of crossing dis-5 Or their positional equivalents based upon change (Da, D/, Dh) rather than rate of change ð _ a; _ /; _ hÞ.
tance alone. Consider someone playing a racquet sport. Although knowledge of crossing distance would allow them to place the racquet in a position to intercept the ball it would not tell them how to orient the bat so as to deflect the ball in the desired direction. To do that they would still need an estimate of trajectory direction. Harris and Dean (2003) looked at the influence of distance on perception of absolute trajectory. Observers judged the trajectory angle of projectiles originating at one of three different distances (0.55 m, 0.7 m 1.0 m). An analysis of the results of their Experiment 2 reveals a similar pattern of results to our Experiment 4. When Harris and Dean's trajectory angle judgement errors are interpreted as arising from errors in distance scaling, the estimated gains for distance scaling for their three observers are 0.3, 0.1 and À0.1 (J.M. Harris, personal communication) . These values are close to zero, suggesting that observers did not take distance into account. We argue an analysis of Harris and Dean's data bolsters the conclusion that observers do not take into account distance information in trajectory perception. Harris and Drga (2005) have recently proposed that perceived trajectory, b 0 is not described by any of the above ratios but by the angular lateral displacement of the object: b 0 / Da. In Fig. 9 we show the predicted perceived parallel trajectories for experiment 4 for (i) b 0 / Da, Harris and Drga's model, and (ii) judgements of trajectory are based upon one of the speed ratios identified in Eq. (8). Harris and Drga's model predicts that trajectories that share the same change in Cyclopean direction appear parallel. Thus, trajectories of the same physical length, but at different distances, as in experiment 4, should appear parallel when sharing the same change in Cyclopean direction as shown in Fig. 9 . Such trajectories diverge from each other as they approach the observer. We actually found that apparently parallel trajectories converged towards each other and were thus more similar to the prediction made when trajectories are matched using one of the speed ratios identified in Eq. (8). The results are therefore difficult to reconcile with Harris and Drga's model. We believe the difference between the findings can probably be explained by choice of stimulus parameters: Harris and Drga (2005) used a very sparse stimulus and slow moving target object and so it would have been difficult for the observers to pick up, and thus take into account, the component of motion towards the observer (see Harris & Watamaniuk, 1995 for the minimal speed for accurate discrimination of approach speed). Lages (2006) proposed a Bayesian account of the perceptual biases that result when judging the trajectory of a very small, slowly moving non-expanding dot. Lages concluded that the errors in trajectory perception were due to errors in processing motion (rather than disparity change). It is difficult to read across from this study to our own because of the difference in stimulus parameters. In our experiments we used larger objects that travelled at considerably higher speeds. Firstly, therefore, our display contained a powerful cue to approach (looming) that was not present in Lages et al.'s experiments. Secondly, Harris and Watamaniuk (1995) reported that an angular speed equivalent to approximately 10 cm/s at 1.5 m appears to be the cut-off for discrimination of approach speed. Objects in our experiments travelled at a speed far above this level, whereas those in Lages (and also many of the recent studies by other authors) travelled at a speed below this value.
A recent study by Harris (2006) investigated the contribution of retinal and extra-retinal motion information to judgements of trajectory. Harris concluded that there is little evidence for the use of extra-retinal motion information. Therefore, this suggests that the ratios we identified in Eq. (8) are probably based upon relative retinal motion, rather than head-centric motion (a combination of extra-retinal and retinal motion).
Neppi-Mò dona, Auclair, Sirigu, and Duhamel (2004) examined estimation of impact point when a moving object approached from the left or right of straight-ahead. Observers judged whether the impact point would be on the left or right side of their face. Results showed that judgments were biased by the starting direction of the object: 
objects starting from the left and heading straight towards the nose were perceived as heading to the left of the nose and those starting from the right were perceived as heading to the right. This pattern of results is opposite to that which would be predicted from the results of our first experiment. This is perplexing but as the task and stimulus parameters were very different we cannot say Neppi-Mò dona et al.
(2004)'s findings are in conflict with our own. Further experimentation will be needed to resolve this matter. A judgement of trajectory is conceptually similar to a judgement of slant. The patterns of results we observed are comparable to those found in literature on slant judgements. In the case of slant judgement it appears that slant perception becomes more veridical as the richness of the display increases (e.g. Foley, 1991) . The fundamental difference between slant and trajectory judgements is the visual environments in which they are made. A projectile flies through empty space, sometimes against a homogenous background (e.g. a clear blue sky), and its physical dimensions are often unknown. Therefore, at no time is there likely to be an abundance of position and size cues that might support the veridical perception of trajectory.
In summary, the results suggest that humans do not take into account the instantaneous distance or direction of an approaching projectile, and are therefore unable to make veridical judgements of trajectory. Consequently, under natural circumstances, an observer is unlikely to be able to judge whether trajectories are physically parallel.
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Appendix. Estimation of eye-orientation gain
In principle, binocular viewing of our displays could provide all the necessary information needed for accurate, head-centric trajectory perception, yet we found apparently poor trajectory perception. Is this because the visual system does not attempt head-centric trajectory perception, or does it in fact try, using the necessary information correctly but with inaccuracies? In this analysis we examined which answer is most likely by determining whether plausible inaccuracies could account for the poor performance.
A target's trajectory angle can be computed from its 3D locations at two moments in time. Its 3D location at any moment can be obtained using eye orientation estimates to scale retinal eccentricity and horizontal disparity. In this manner, perceiving the trajectory angle is analogous to perceiving the slant angle of a line defined by two points in a static, binocularly viewed scene. Just as for slant angle, a target's trajectory angle will be systematically mis-perceived if the retinal information is scaled using incorrect estimates of vergence and version to determine distance and direction. In the analysis we examined whether nonunity gains on eye-orientation can explain errors in trajectory settings. Since our displays were seen without visible surroundings, we assume that registered vergence and version were the primary signals used to estimate object direction and distance.
We modelled the registered vergence, l 0 , and version, c 0 as:
where l and c are the true vergence and version, l 0 and c 0 are default vergence and version values and g is signal gain, which is common to both. Non-unity g could arise from inaccurate measurement of each eye's orientation, or at a later stage such as in cue combination. The use of the same gain for both is supported by empirical findings of Brenner and Smeets (2000) who found similar precision for estimates of distance and direction based upon eye-orientation information. We set the default eye position to correspond to a vergence distance of 1.5 m in the straight-ahead position, i.e. about the value of dark vergence estimated by Owens and Leibowitz (1976) , and zero version.
For each experiment, we obtained the eye orientation signal gain that produced theoretical test trajectory data that most closely matched each individual's observed data. We did so in the following way: For a given value of g, we calculated theoretical perceived trajectory angles of the reference stimuli, by scaling the retinal projections of the trajectory start and end points using l 0 and c 0 . We then calculated theoretical physical test trajectory angles that would appear parallel to the perceived references. The theoretical and observed test trajectory angles were then compared, and by iteration, the value of g was obtained which produced the closest matching theoretical test angles. We also examined whether, in the model, tracking the trajectories or fixating the initial position produced a better account of the data. The results were very similar, and in practice, fixating or tracking makes little difference. Welch- (1, 3 and 4) . Results are shown separately for experiment 2, which examined performance when only the start and end points of the trajectories from experiment 1 were shown. man et al. (2004) found no difference between trajectory judgements made when tracking the targets and when fixating a point. The results of our 'fixating' analysis are shown in Table A1 below: The model produced patterns of responses that very accurately matched those observed. However, the perceptual scaling errors needed to produce these observed responses were gross, since the necessary gains were typically very low, sometimes negative, and varied between experiments and observers. Extraretinal distance and direction information has been shown to be inaccurate: Bridgeman and Stark (1991) empirically determined that eye-orientation signal gain is about 0.87. This inaccuracy very likely contributes to perceptual scaling inaccuracies that are important in certain other tasks, but eye-orientation signal errors are not a feasible explanation for the trajectory perception errors in the present experiments. Instead, the results are consistent with the proposal that the visual system does not attempt accurate, head-centric representations of trajectory.
